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A65-kDa protein has been detected in mouse hepatitis virus AS9 (MHV-A59}-infected D&T cells using polyclonal antibodies 
directed against polypeptides encoded by the 5’ 1.8 kb of gene 1. The presence of this 65-kDa protein (p65) was previously 
predicted from immunoprecipitation studies of gene t expression in MHV-A59-infected DBT cells with other antisera (1). 
p65 was rapidly labeled in virus-infected cells at late times of infection; however, its cleavage from the polyprotein was 
significantly delayed compared to the amino-terminal gene 1 polyprotein cleavage product, p28. Similar to p28, p65 was 
cleaved from the growing polyprotein without detectable intermediate precursors. Kinetic analysis of p65 with specific 
antibodies indicates that p65 is immediately adjacent to p28 in the gene 1 polyprotein. The proteolytic activity responsible 
for the carboxy-terminal cleavage of p65, as well as the function of the p65 protein, remains to be determined. © 1995 


Academic Press, Inc. 


Gene 1 of MHV-AS9 is 21,798 nt in length and contains 
two overlapping open reading frames, ORFs 1a and 1b, 
connected by a functional ribosomal frameshift. Together 
ORFs 1a and 1b are predicted to encode a polyprotein 
of approximately 750 kDa. Gene 1 has been shown to 
encode at least one proteinase and is predicted to en- 
code two additional proteinases, as well as polymerase, 
helicase, and metal binding zinc finger proteins (2-6). 
Gene 1 translation products have been detected both in 
virus-infected DBT ceils and during in vitro translation of 
purified virion RNA and synthetic RNA transcripts (7- 
70). We have previously identified and characterized the 
translation and processing of several intracellular gene 
1 ORF 1a products including p28, p290, p50, and p240 
(1). Based on the processing pattern and the known loca- 
tions of polypeptides used to encode antibodies for that 
study, we predicted an additional protein immediately 
adjacent to the amino-terminal p28 protein. To determine 
whether in fact such a protein was present, an additional 
antiserum was generated to allow detection of any pro- 
teins encoded by the first 1.8 kb of gene 1 ORF 1a, 
including p28 and adjacent proteins. We describe here 
the kinetics of expression and processing of a 65-kDa 
protein cleavage product from the MHV-A59 ORF 1a 
polyprotein in virus-infected cells. 
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The previously determined pattern of gene 1 expres- 
sion is shown in Fig. 1. A new antiserum, designated 
UP102, was induced in rabbits against a 60-kDa fusion 
protein expressed in Escherichia coli trom a PET plasmid 
containing a cDNA from nucleotides 180 to 1984 in gene 
1 ORF ta (7?, 72). This clone extends beyond the coding 
region of p28 by approximately 1 kb and is predicted by 
computer analysis of the gene 1 coding sequence to 
contain several antigenic epitopes in the region of the 
fusion protein downstream from p28 (73). This antibody 
was used in conjunction with the previously described 
81043 polyclonal antiserum to identify additional proteins 
encoded in the first 3 kb of ORF 1a. The antibodies were 
used to immunoprecipitate [°°S]methionine-labeled viral 
proteins in DBT cells. The length of infection and time of 
labeling were based on previous observations concern- 
ing maximal detection of ORF 1a gene products during 
MHV-AS9 infection of DBT cells (7). 

We first performed pulse-labeling experiments with 
and without synchronization of transtation by high salt 
(Fig. 2). We detected the previously identified p28 protein 
by 30 min after addition of [°S]methionine, in both syn- 
chronized and nonsynchronized pulse-labeling experi- 
ments (14, 1). p28 was the first protein detected, and 
no precursors were identified, consistent with previous 
results. UP102 also immunoprecipitated distinct products 
of 65 and 180 kDa, as well as a heterogeneous band of 
protein migrating at the top of the 5-18% gradient gel 
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FIG. 1. Antibody location, predicted functional damains, and transla- 
tion products of MHV-AS59 ORF 1a. The bold line indicates the ~13.6 
kb of gene 1 ORF ja, with the coding sequence beginning at the AUG 
at nt 210 and presumably ending in the heptanucleotide sequence 
terminating at nt 13,598. Black boxes beneath the line are the regions 
incorporating known (PLP-1) or predicted (PLP-2 and 3CLpro} protein- 
ases. PLP-1 and PLP-2 indicate papain-like proteinases and 3CLpro 
indicates the 3C-like proteinase. The exact coding sequences of these 
proteinases have not been determined. The shaded boxes above the 
line are the coding regions used to produce fusion proteins for induc- 
tion of polyclonal rabbit 81043 and UP102 antisera. UP102 was induced 
against a fusion protein encoding the region of gene 1 from the Nart 
site at nt 180 to the Hindll site at nt 1984. The white boxes below the 
line identify products of ORF 1a translation in virus-infected cells; the 
exact amino-termini and coding sequences of these proteins have not 
been determined. 


(72, 15). The 180-kDa band was seen only in virus-in- 
fected cells but was precipitated by preimmune serum, 
indicating nonspecific binding of a viral protein or a cellu- 
lar protein induced in virus-infected cells. The nonspe- 
cific nature of the binding of the 180-kDa protein is sup- 
ported by the fact that it is has been detected by every 
antiserum used to date, including those raised against 
proteins encoded at the C-terminus of ORF 1b (7). Utiliz- 
ing limited proteolysis digests, the 180-kDa protein has 
previously been identified as the S glycoprotein (7). Ra- 
diolabeled products migrating at the top of the gel have 
been difficult to size accurately but are definitely larger 
than 400 kDA. Inability to detect these large products in 
mock-infected cells or in virus-infected cells immunopre- 
cipitated with preimmune serum suggests that they are 
specific viral proteins containing epitopes recognized by 
UP102. Finally, a faint band with a migration of ~250 kDa 
is intermittently detected with both UP102 and 81043. 
Because a band of similar migration is sometimes ob- 
served in mock-infected cells and occasionally by preim- 
mune sera, it is more likely to be a nonspecific product 
than an authentic ORF 1a precursor. However, because 
of the challenges of protein sizing in this region, as well 
as the presence of several proteins, we cannot entirely 
rule out that this protein is part of an alternative pro- 
cessing pathway, such as those seen in the processing 
of the poliovirus polyprotein (76). 

p65 was immunoprecipitated specifically by UP102 
and was not detected in mock-infected cells, nor by pre- 
immune sera in MHV-AS9-infected cells. Its size was 
consistent with the predicted gap in the model of ORF 
1a expression and processing (1). p65 was first detected 


at 60 min of label, a delay of 30 min compared with p28. 
When the number of methionine plus cysteine residues 
in p28 and the predicted p65 domain (18 and 42 respec- 
tively) was considered, densitometric measurements of 
p28 and p65 indicated that up to 120 min was required 
for processing of amounts of p65 equivalent to p28. No 
intermediate precursor for p65 was detected in any ex- 
periments. The 81043 antibody was used as a control 
for immunoprecipitation of the cell lysates and detected 
an increasing amount of high-molecular-weight proteins 
beginning at 30 min, followed by the detection of p290 
at 60 min (7). Molecular weight estimates were obtained 
as previously described with an accuracy within 10% for 
all proteins estimated (7). Together these data suggested 
a pattern of expression and processing at late times of 
infection in which p28 was rapidly cleaved from the grow- 
ing polypeptide chain, followed by the delayed but con- 
current cleavage of p65 and p290 from an elongating 
nascent polyprotein. 

The pattern of p28 and p65 expression and cleavage 
was examined in more detail using two different types 
of pulse-chase experiments. In the variable-pulse/con- 
stant chase experiment, translation was synchronized in 
MHV-AS9 cells with 200 mM NaCl, and the infected cells 
were then puised with [*S]methionine for intervals of 
5 to 90 min, followed by a 90-min chase (Fig. 3). This 
experiment allowed us to determine when during transla- 
tion the proteins were labeled, since the chase aliowed 
extensive processing of the products and the only vari- 
able was the length of labeling. In this experiment p28 
and p65 were labeled within 15 min, which represented 
the earliest time that new protein products could be de- 
tected after high salt synchronization and addition of ra- 
diolabel. Thus both the antibody specificity and the time 
of labeling supported the conclusion that p65 was imme- 
diately adjacent to p28 in the polyprotein. 

This early labeling of p65 was a distinct contrast to 
the time of cleavage of p65 in standard pulse-chase 
experiments. To assess the kinetics of cleavage, infected 
cells were pulse-labeled for 20 min followed by various 
chases ranging from 0 to 150 min (Fig. 4). It was possible 
ta detect p28 at the end of the 20-min pulse period (0 
min chase), whereas p65 was not detectable until 20 to 
30 min of chase, and amounts of p65 equivalent to p28 
by densitometry were not detectable until 90 min of 
chase. The amount of high-molecular-mass products de- 
tected by UP102 was stable until p65 began to appear 
and then decreased as p65 accumulated. This was con- 
sistent with immunoprecipitation of p65 as part of a Jarger 
polyprotein which was no longer detected once p65 was 
cleaved and supports the prediction that the high-molec- 
ular-mass products may be precursor polyproteins rather 
than nonspecific aggregates. Again, no intermediate pre- 
cursors to p28 or p65 were identified despite the very 
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FIG. 2. Pulse-label translation of ORF 1a products in DBT cells following high salt synchronization. Monolayers of DBT cells were infected with 
MHV-A59 at an m.o.i. of 20 in DMEM 2% FCS. At 4 hr p.i., actinomycin D (10 yzg/ml) was added to the medium. At 7 hr p.i., the medium was made 
hypertonic by the addition of NaCl at 200 mM in order to block reinitiation of translation and allow synchronization. At 7.5 hr p.i., the hypertonic 
medium was replaced with normal sodium medium containing 200 Ci/ml of S]methionine. Cells were harvested at the times in minutes indicated. 
Cell lysates of 5 x 10° cells were immunoprecipitated with either antiserum UP102 or 81043 and products were subjected to electrophoresis in 
5-18% gradient polyacrylamide gels. Inf.-Pre., infected cells radiolabeled for 60 min and immunoprecipitated with preimmune rabbit serum. Mock, 
mock-infected cells radiolabeled for 60 min and immunoprecipitated with respective antibodies. Inf. 60, infected cells labeled for 60 min in the 
absence of synchronization and immunoprecipitated with respective antibodies. Molecular mass markers are to the right of each gel preceded by 
dashes, and the estimated molecular masses of specific ORF 1a immunoprecipitation products are indicated by arrows. 


early time points of chase used for assessment of cleav- 
age, even on prolonged exposure of the gel. 

p65 probably shares a cleavage site with p28 and thus 
is likely cleaved at its amino-terminus by the first papain- 
like proteinase (PLP-1) encoded in ORF 1a. The carboxy- 
terminal cleavage of p28 by PLP-1 occurs in cis during 
in vitro translation of RNA transcripts (77, 2). It is reason- 
able to postulate that the carboxy terminus of p65 is 
also cleaved in cis by PLP-1. cis cleavage of p65 would 
necessitate that PLP-1 was active within a much larger 
Precursor protein, consistent with our observation that 
p65 appears to be cleaved from high-molecular-mass 
precursors without other intermediates. Such a mecha- 
nism of cleavage would also be consistent with the de- 
layed appearance of p65, even at late times of infection. 
It has been suggested that all of the cleavages in the 
polyprotein encoded by the first 9.6 kb of gene 1 are 
effected by the two papain-like proteinases, since no 
sites compatible with cleavage by the predicted 3C-like 
proteinase have been identified in this region (3, 5). If 
this is the case, then the delayed cleavage of p65 com- 
pared to p28 suggests that cleavage of p28 may be an 
obligatory first step in the normal processing pathway of 
the gene 1 polyprotein. The carboxy-terminal cleavage 
sites of p65 may either be inaccessible until p28 is 


cleaved or may not be exposed until a larger polyprotein 
is expressed. 

It has not been possible to study the expression and 
processing of p65 in vitro, since this polypeptide has not 
been detected during /n vitro translation of either purified 
genome RNA or synthetic RNA transcripts encoding the 
first or second papain-like proteinase domain (8, 78). 
The maximum size product seen during translation of 
genome RNA, in the presence of proteinase inhibitors, 
is 250 kDa, and in the absence of proteinase inhibitors 
p28 is cleaved from this product. The remaining e220 
may not be large enough to allow proper folding and 
proteinase/substrate interaction which would effect 
cleavage of p65. 

Highly ordered patterns of expression and processing 
of the nonstructural polyprotein are seen in other RNA 
viruses, such as poliovirus, where cleavage of the P1 
precursor occurs immediately after synthesis and before 
completion of the polyprotein, but processing of P1 into 
VPO, VP3, and VP1 is not achieved until the 3C or 3CD 
molecule is available (79, 20). Another interesting com- 
parison is with the cowpea mosaic virus, a bipartite, plus- 
strand RNA virus which encodes polyproteins from both 
RNA segments. The larger B fragment is used to translate 
nonstructural proteins. The virus-encoded proteinase 
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cleaves an amino-terminal 32-kDa product as the initial, 
rapid, cotranslational event. This 32-kDa protein in turn 
regulates the rate of cleavage of the remaining 170 kDa 
of the polyprotein, including liberation of the 24-kDa pro- 
teinase itself (27). Although such a “chaperone” or bi- 
component role has not been investigated for p28, the 
data obtained so far would not exclude such a role for 
p28 in the delayed generation of p65. Since our experi- 
ments were performed late in infection, it was not possi- 
ble to determine whether cleavage of p65 was occurring 
in cis, trans, or both. 

With the exception of the first papain-like proteinase, 
no activities have been demonstrated for any of the ORF 
Ja-encoded proteins. The region which encodes p65 
does not possess any predicted replicase or proteinase 
functions and has no similarity to other cellular or viral 
proteins, and the predicted amino acid sequence in this 
region of MHV-A59 is not as highly conserved among 
coronaviruses as are other portions of gene 1. Experi- 
ments are currently underway to identify the amino- and 
carboxy-termini of p65, as well as to assess its exact 
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HiG. 3. Variable pulse—constant chase labeling of ORF 1a products. 
At 7.0 hr p.i. medium was made hypertonic by the addition of NaCl to 
200 mM. At 7.5 hrs p.i., hypertonic medium was replaced with normal 
sodium media containing 200 4Ci/ml of [*°S]methionine and 10 ug/ml 
of Actinomycin D for the indicated times ranging from 5 to 90 min. At 
each time point, the radiolabeled medium was removed from the ptate 
and replaced with medium containing excess unlabeled L-methionine 
for an additional 90-min chase. At the end of the 90-min chase period, 
whole-cell lysates of 5 X 10° cells were immunoprecipitated with anti- 
serum UP102 followed by electrophoresis on 5-18% gradient SDS— 
polyacrylamide gels. The duration of radiolabel prior to the 90-min 
chase is shown in the pulse lane. Inf Pre., infected cells immunoprecipi- 
tated by preimmune serum. Mock UP102, mock-infected cells immuno- 
precipitated with antiserum UP102. Molecular mass markers are to the 
left of the gel and locations of proteins immunoprecipitated by UP102 
are to the right of the gel. 
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FIG. 4. Pulse-chase labeling of ORF 14 products in DBT cells. At 
7.5 hr p.i., S]methionine was added to the overlying medium for 20 
min in the presence of 10 yzg/mi of Actinomycin D, followed by a chase 
with excess unlabeled methionine for the times in minutes indicated. 
Whole cell lysates of 5 x 10° cells were immunoprecipitated with 
antiserum UP102 bound to protein A-Sepharose, and the products 
were analyzed on 5-18% gradient SDS—palyacrylamide gels. Molecu- 
lar mass markers are to the left of the gel, and the locations of p65 
and p28 proteins are indicated to the right of the gel. Mock-UP102, 
radiolabeled producis of mock-infected cells labeled for 20 min and 
chased for 60 min. Inf.-Preimmune, radiolabeled products of infection 
labeled for 20 min, chased for 60 min, and immunoprecipitated with 
preimmune serum. 


relationship to p290. Recognition of the expression and 
processing of p65 in MHV-AS9 will allow us to better 
assess the activities of the viral proteinases, as well as 
to investigate a protein which may possess functions 
unique in the replication strategies of plus-strand RNA 
viruses, and which may be diverged even among coro- 
naviruses. 
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